ABSTRACT The established international 2°C target stipulates that global warming should be limited to below 2°C compared with pre-industrial periods; this has emerged as the most prominent interpretation of how to avoid dangerous climate change. The 2°C target was confirmed and made legally binding in the Paris agreement at the "climate summit" (Conference of Parties 21, COP21) in December 2015. But despite agreement on the target, greenhouse-gas emissions are unlikely to fall soon and fast enough to meet the target, raising the question of whether this target needs to be revised or reinterpreted, and also of why there is insufficient cooperation toward emissions reduction despite the risk of dangerous climate change. Previous theoretical and experimental research has suggested that cooperation towards emissions reduction is undermined by uncertainty about the threshold marking the transition to dangerous climate change. However, even if the threshold and hence the location of the target are known precisely, uncertainty ensues because of an unknown risk that arises from missing the collective target. How humans deal with this risk has not been investigated experimentally. Here we investigate how individuals behave under different risk scenarios if a collective target is missed. We perform economics experiments framed as a collective-risk social dilemma and directly examine the extent to which human subjects trade pay-out reduction for risk. We show that a reduced assessed risk arising from missing the collective target leads to reduced contributions towards the target; but that risk reduction causes the subjects almost to maximize their individual pay-out by balancing the effort to reach the target against the risk posed by missing it. We provide quantitative support for the argument that group contributions toward the collective target can be interpreted as proportional to mitigated warming. We conclude that reinterpretation of the 2°C target as less strict causes additional warming. However, our subjects deal effectively with a risk of dangerous climate change that they assess to depend gradually on global warming. Our results suggest that, if the additional warming is judged to be acceptable, a less strict interpretation of the 2°C target might support finding a trade-off between the effort put into climate mitigation and the risk of dangerous climate change.
Introduction
T he 2°C climate target stipulates that globally averaged surface warming should be limited to less than 2°C above pre-industrial levels (Rijsberman and Swart, 1990; WBGU, 1995; Ott et al., 2004; Tol, 2007; Ramanathan and Feng, 2008; Randalls, 2010; Cointe et al., 2011; Jaeger and Jaeger, 2011; Moellendorf, 2011) . The 2°C target has emerged as the most prominent candidate (Randalls, 2010; Cointe et al., 2011; Jaeger and Jaeger, 2011) for fulfilling the mandate by the United Nations Framework Convention on Climate Change (UNFCCC) to "prevent dangerous anthropogenic interference with the climate system" (UNFCCC, 1992) . However, meeting a temperature target alone cannot comprehensively avoid dangerous interference (Steinacher et al., 2013; IPCC, 2014) ; furthermore, some fundamental critique of the 2°C target has been levied (Shaw, 2010; . Nevertheless, a legally binding international adoption of the 2°C target has emerged as a central outcome of the 2015 Conference of Parties 21 (COP21) in Paris (COP21, 2015) .
The 2°C target implies a reduction in greenhouse-gas emissions from about 2020 onward; by 2050 emissions must fall to a level of 50% or less of the year-2000 emissions (IPCC, 2007; Allen et al., 2009; Meinshausen et al., 2009; IPCC, 2013) . Despite the success of the COP21 climate summit in Paris in 2015, including the continued and now binding commitment to the 2°C target, this target appears increasingly unlikely to be met, due to continually increasing emissions (Geden, 2013; Guivarch and Hallegatte, 2013; Peters et al., 2013; Geden and Beck, 2014; Peters et al., 2017) . Investigating how individuals behave under different risk scenarios if a collective target, interpreted as the 2°C climate target, might be missed is the objective of our article.
The spectre of missing the target has caused discussions about potential policy consequences such as target modification (Geden, 2013; Guivarch and Hallegatte, 2013; Geden and Beck, 2014) . The 2°C target is unlikely to be relaxed by policymakers, both because he or she might fear losing credibility (Geden, 2013) and because the target characterizes the level of ambition and hence might still formulate what is desirable (Guivarch and Hallegatte, 2013) . On the other hand, a policymaker's credibility might also be damaged by pursuing a target that is patently unrealistic-that lack of realism might undermine the negotiation process, and he or she might be seen as politically unsuccessful (Guivarch and Hallegatte, 2013) . Faced with these conflicting tendencies, the political process is more likely to favour reinterpretation over revision of the 2°C target (Geden, 2013) , for example by accepting a temporary or even a permanent overshoot while keeping the target nominally intact. Such an overshoot-in strict terms, missing the target-invokes an increased risk of dangerous climate change (IPCC, 2014) . With the international climate negotiation process in mind, we here investigate by means of experimental economics how the assessment of the risk arising from missing a collective target, interpreted as the 2°C target, influences the effort undertaken by groups of subjects to reach the target.
We use the framework of the collective-risk social dilemma that we established previously (Milinski et al., 2008) to investigate the dilemma inherent in avoiding dangerous climate change: Will a group of people reach a collective target through individual contributions when everybody suffers individually if the target is missed? The dilemma arises because every player can gain only if the group reaches the target, requiring sufficient cooperation (fair-share or even altruistic contributions). But cooperation is undermined by free-riding-the hope that others will compensate one's own less-than-fair contributions, a compensation that causes the group to reach the target while maximizing the particular individual's profit. If too much free-riding occurs, because of too frequent emphasis on immediate self-interest, the collective target is missed and everyone loses (Milinski et al., 2008) .
The collective-risk social dilemma has characteristic features that, taken together, distinguish it from other social dilemmas and other instances of decision-making under uncertainty (Milinski et al., 2008) : (i) people have to make decisions repeatedly before the outcome is evident, (ii) investments are lost (that is, no refunds), (iii) the effective value of the public good (in this case, the prevention of dangerous climate change) is unknown, and (iv) the remaining private good is at risk if the target sum is not collected. The climate game involves investing in a public good, not in order to realize a gain but to avoid a loss. The collective-risk social dilemma has been used as the workhorse to study various collective problems faced by humans (Wang et al., 2009; Wang et al., 2010; Milinski et al., 2011; Tavoni et al., 2011; Abou Chakra and Traulsen, 2012; Chen et al., 2012a,b; Santos et al., 2012; Burton-Chellew et al., 2013; Hilbe et al., 2013; Jacquet et al., 2013; Abou Chakra and Traulsen, 2014; Chen et al., 2014; Du et al., 2014; Freytag et al., 2014; Vasconcelos et al., 2014; Dannenberg et al., 2015; Bynum et al., 2016; Hagel et al., 2016; Milinski et al., 2016) . Here, we add a crucial component by experimentally investigating the behavioural consequences of differing assessed risk levels if the 2°C climate target is missed.
Subjects receive an initial endowment and then play a predetermined number of rounds; in each round they decide whether or not to invest from their endowment into a climate account. If at the end of the game a group of subjects has collectively invested enough into the climate account to reach a pre-determined target sum, each subject receives in cash whatever is left of his or her individual endowment. However, if the target sum is not reached collectively, each subject loses with a certain probability whatever is left of his or her endowment. The contribution to the climate account is interpreted as an effort to mitigate climate change by reducing greenhouse-gas emissions. Reaching the target sum is interpreted as preventing dangerous climate change, whereas the loss of the remaining endowment-should it happen-is interpreted as the occurrence of dangerous climate change.
In Milinski et al. (2008) , the risk of incurring dangerous climate change remained constant until the target sum was reached and then dropped abruptly to zero. But in reality the risk of dangerous climate change is expected to vary more gradually with the effort to reduce greenhouse-gas emissions. Here we include this effect through two different treatments that use the same target sum, but employ a gradual dependence of the risk on the group contribution to the climate account. The risk is zero for contributions equal to or higher than the target sum; the target sum and thus the location of the threshold are always known to the participants.
Uncertainty about the location of the threshold were previously investigated theoretically (Barrett, 2013; Barrett and Dannenberg, 2014) , in one-shot experiments sometimes including communication among subjects (Barrett and Dannenberg, 2012; Barrett and Dannenberg, 2014) , and in the collective-risk social dilemma (Dannenberg et al., 2015) . All of these studies represented threshold uncertainty through a range of values, each to be randomly chosen with the same probability after the experiment; range and probability could either be known or unknown to the subjects. By contrast, there is no uncertainty about the threshold in our experiments, and the subjects in our treatments have been directly informed about the risk at any collective investment level (see below). Thus, our study allows us to examine directly the extent to which human subjects trade pay-out reduction for risk.
The gradual dependence of risk on group contributions also differs substantially from the design of Milinski et al. (2011) , who ARTICLE PALGRAVE COMMUNICATIONS | DOI: 10.1057 DOI: 10. /palcomms.2017 introduced an intermediate target into the collective-risk social dilemma. If their intermediate target was not met, the average risk amounted to a 10% loss of the endowment, simulating climate events before dangerous climate change could occur. However, the sharp dependence of the risk of simulated dangerous climate on the group contribution remained. Here we represent that the risk of dangerous climate change, which in the experiment is mimicked through a complete loss of the remaining endowment, is likely to depend gradually on the effort to reduce greenhousegas emissions.
In particular, we argue that despite the extensive scientific uncertainty (IPCC, 2013), we can interpret the group contribution to the climate account as being proportional to the achieved mitigation of further global anthropogenic temperature rise (see Methods in Supplementary Information). As a consequence, we can interpret a set target sum of €120 as mitigating warming by 3°C and thus meeting the 2°C target (see Methods in Supplementary Information). To reach this target sum as a group, each of the six subjects per group must on average contribute €20, half of the initial endowment. Failure to reach the target sum of €120 mimics that insufficient mitigation has incurred the risk of dangerous climate change and its consequent potential damages. Hence, if a group collects less than €120 over the ten rounds, each subject loses what is left over from the initial endowment, with a probability that differs among three different treatments.
Treatment 1 (T 1 ) assigns a loss probability of 90% for every sum collected over the ten rounds that is below a target sum of €120 (Fig. 1a) . We interpret the collection of €120 as reaching the 2°C climate target. This is the treatment we have investigated earlier (Milinski et al., 2008) ; it has the clearly unrealistic interpretation that there exists a sharp boundary between a high risk and no risk of dangerous climate change.
Treatment 2 (T 2 ) assigns a loss probability of 90% for every sum collected over ten rounds that is below €80 (Fig. 1b) ; between €80 and €120, loss probability decreases linearly from 90% to 0. This treatment introduces a more gradual and thus more realistic transition from a high to no risk of dangerous climate change. Furthermore, T 2 stresses the role of a climate target as a focal point for climate negotiations (Jaeger and Jaeger, 2011) , by introducing a second focal point. The €80 focal point can be interpreted as a warming of 3°C above pre-industrial, assuming that climate change mitigation is proportional to the effort (see Methods in Supplementary Information). Treatment 2 is thus interpreted such that dangerous climate change would occur with 90% probability for any warming above pre-industrial levels by 3°C or more.
Treatment 3 (T 3 ) specifies that the loss probability decreases linearly from 90% to 0 as the sum collected increases from €0 to €120 (Fig. 1c) . This treatment is interpreted such that any amount of climate-change mitigation leads to a proportional reduction in the risk of dangerous climate change.
We interpret the group contribution after ten rounds as achieving a certain level of climate-change mitigation. Thus, we investigate how actors deal with the uncertainty in the risk of dangerous climate change that is incurred by warming. Our conceptual starting point is that actors' responses to the climatechange-mitigation challenge are based not on the real risk, which might be unknown to them, but on the assessed risk. Our three treatments could hence represent that, no matter what the real risk, assessment of risk by the actors in climate-change mitigation corresponds to three different profiles. In an alternative interpretation, formally different but leading to similar conclusions, the probability of dangerous climate change depends on future warming in a way that is very uncertain. We hence explore various functional dependencies and communicate that dependency to our subjects. In this alternative interpretation, the subjects' risk assessment is accurate.
Irrespective of which of the two interpretations is chosen, the assessment of a risk that depends gradually on climate-change mitigation, as it does in T 2 and T 3 , implies an imperative to meet exactly the €120 or 2°C target that is weaker than the imperative is for T 1 . It is in this sense that the 2°C climate target is reinterpreted; it is not replaced by a new, less stringent target, which would be politically unpalatable (Geden, 2013) .
As is the case for all economics experiments including all studies cited in this article, the present one must be regarded as a "proof of principle", investigating the causal effect of one variable of interest in an otherwise stable scenario. This approach leaves out most of the natural complexity, the inclusion of which would render such a study untreatable. This is the strength but of course also the limitation of any experimental approach.
Our results suggest that a lower assessed risk arising from missing the 2°C climate target would lead to additional warming. On the other hand, the groups balance this lower assessed risk of simulated dangerous climate change against the effort to avoid it.
Results
Maximizing expected winnings. Investments reduce the remaining endowment but also the risk of losing it. For each treatment there is thus an optimal group investment that maximizes the final expected winnings (social optimum). In T 1 and T 2 the expected winnings as a function of group investment over ten rounds are maximized at the target sum of €120 (Fig. 1d, e) , whereas in T 3 the maximum occurs at a group investment of €113.3 ( Fig. 1f ; see Methods in Supplementary Information). In T 1 the expected winnings decrease monotonically with the group investment until just before the target sum is reached. In T 2 the winnings decrease monotonically until the sum of €80 is reached and then increase until the target sum is reached. In T 3 the expected winnings increase for any amount up to the maximum at a collected sum of €113.3. Treatment T 2 thus has two different focal points that the subjects might aim for: €120, which provides a zero risk, and €80, above which contributions cause an increase in expected winnings. Treatment T 3 likewise has two focal points, €120 with zero risk and €113.3 with the maximum expected winnings, although it is unlikely that the subjects have identified the maximum during the experiment. Nonetheless, the subjects in T 3 might intuit that they reach a point of diminishing returns at a collective contribution lower than the point of the maximum. As the expected-winnings curve flattens, a given further enhancement in expected winnings comes at an ever higher expense in contribution, something that might be unattractive as a strategy given the uncertainty in the other subjects' behaviour. A theoretical analysis of T 3 has shown (Hagel et al., 2016) that at the social optimum, the expected pay-out for an individual player decreases if this player unilaterally increases his or her contribution, whereas the symmetric Nash equilibrium (at which any change in contribution by any player would confer no benefit to this player) lies at much lower average contributions than the social optimum (Hagel et al., 2016) .
Group investments. Average group investments over ten rounds are substantially higher in T 1 (€119.8 ± 2.1; mean ± sem) than those in T 2 (€111.6 ± 1.9) and T 3 (€87.3 ± 4.6). These differences are significant in an overall comparison among treatments (Kruskal-Wallis, χ2 = 24.02, n T1 , n T2 , n T3 = 11, Po0.001; the group of six subjects is the statistical unit throughout; all tests are two-tailed) as well as when compared pairwise (Wilcoxon rank sum test, n T1 , n T2 , n T3 = 11, W T1 versus T2 = 102, P T1 versus T2 = 0.0069; W T1 versus T3 = 120.5, P T1 versus T3 o 0.001; W T2 versus T3 = 119, P T1 versus T2 o 0.001). Part of the difference in group investment over ten rounds arises from a higher frequency of selfish acts (individual contribution of €0 per round) and a lower frequency of altruistic acts (individual contribution of €4 per round) in T 3 (see subsection "Free-riders" and Methods in Supplementary Information). The average group investment over ten rounds in T 1 (€119.8 ± 2.1) matches the social optimum of €120 (maximum expected winnings) almost precisely (Table 1) . However, all four groups that miss the target sum lose the savings of their endowment. The average investment in T 2 (€111.6 ± 1.9) is significantly less than the €120 needed for maximum expected winnings (Wilcoxon signed rank test, V = 2, n T2 = 11, P = 0.0066; Fig. 1e ). However, the loss probability is reduced to 18.8% on average, and eight out of ten groups that miss the target sum receive their savings. The average investment in T 3 (€87.7 ± 4.6) is likewise significantly less than the €113.3 needed for maximum expected winnings (Wilcoxon signed rank test, V = 0, n T2 = 11, P = 0.0038; Fig. 1f) . However, the loss probability is reduced to 24.2% on average, and seven out of eleven groups that miss the target sum of €120 receive their savings.
Pay-out per subject. The average pay-out per subject, including those who lose their savings when the target sum of €120 is missed, differs significantly among the treatments, with €12.4, €17.4, and €16.8 in T 1 , T 2 and T 3 , respectively (Kruskal-Wallis, χ 2 = 6.30, n T1 , n T2 , n T3 = 11, P = 0.043). The pairwise differences are, however, statistically significant only for the comparison of T 1 and T 2 (Wilcoxon rank sum test, W T1 vs. T2 = 22, n T1 , n T2 = 11, P T1 versus T2 = 0.011). We speculate that the groups in T 2 and T 3 play relatively successfully by defining their strategy intuitively rather than being aware of the optimum. In T 1 , which has a higher loss probability overall (Fig. 1) , the subjects are less successful. The lower average pay-out in T 1 can be traced back to the four groups that miss the target, if only narrowly, and lose their remaining endowment. Such irrational behaviour has already been observed in previous experiments (for example, Milinski et al., 2008) and is the worst possible outcome of a game-savings are reduced without lowering the risk.
Reaching the target sum. Among all treatments, there is a significant difference in the number of groups that reach the target sum of €120 (Fisher exact test, n T1 , n T2 , n T3 = 11, P = 0.0016); the number of groups are seven, one, and zero in T 1 , T 2 and T 3 , respectively (Fig. 2) . Whereas the pairwise differences between T 1 and T 2 as well as between T 1 and T 3 are significant (Fisher exact test, n T1 , n T2 , n T3 = 11, P T1 versus T2 = 0.024, P T1 versus T3 = 0.0039), the pairwise difference between T 2 and T 3 is not significant (Fisher exact test, n T2 , n T3 = 11, P T2 versus T3 = 1).
Although €80 is introduced as a second focal point only in T 2 , €80 are collected as a trend faster in T 1 , on average at round number 7.3 ± 0.2, compared to round number 7.6 ± 0.2 in T 2 (Wilcoxon rank sum test, W T1 versus T2 = 44, n T1 , n T2 = 11, P T1 versus T2 = 0.29; Fig. 3 ). In T 3 , the sum of €80 is collected on average at round number 8.9 ± 0.3, significantly different from the other treatments (Wilcoxon rank sum test, n T1 , n T2 , n T3 = 11, W T1 versus T3 = 8, P T1 versus T3 o 0.001, W T2 versus T3 = 11.5, P T2 versus T3 = 0.0014; for groups that do not pass the €80 threshold until after round 10, the round number of passing the €80 threshold is conservatively set to 10; Fig. 3 ). Thus, for reaching the second focal point of €80 group contribution, interpreted here as mitigating warming by 2°C and corresponding to a climate focal point of 3°C (see Methods in Supplementary Information), T 2 and T 3 do not constitute more effective alternatives to T 1 .
Free-riders. We define as free-riders those subjects who over ten rounds contribute less than their fair share of €20. The average number of free-riders per group in T 3 (4.55 ± 0.28) differs significantly from that in T 1 (2.18 ± 0.26; Wilcoxon rank sum test, W T1 versus T3 = 4.5, n T1 , n T3 = 11, P T1 versus T3 o 0.001) and T 2 (2.45 ± 0.16; Wilcoxon rank sum test, W T2 versus T3 = 2.5, n T2 , n T3 = 11, P T2 versus T3 o 0.001). However, the average numbers of free-riders per group are similar in T 1 and T 2 (Wilcoxon rank sum test, W T1 versus T2 = 46, n T1 , n T2 = 11, P T1 versus T2 = 0.3). The collective deficit that free-riders produce per group (deviation from fair share) is also similar in T 1 (€-14.55 ± 1.91) and T 2 (€-15.64 ± 1.98; Mann-Whitney U-test, n T1 , n T2 = 11, z = -0.2670, P T1 versus T2 = 0.8), whereas the collective surplus that fair players produce per group (deviation from fair share) differs significantly between T 1 (€15.27 ± 2.04) and T 2 (€7.46 ± 1.87; z = -2.472, P T1 versus T2 = 0.013).
The higher group investments in T 1 compared with those in T 2 thus result from the more generous behaviour of the fair players in T 1 , whereas free-riders behave similarly. The strict simulated climate target in T 1 motivates fair players more effectively to avoid a loss than when the target is seen as less strict, as it is in T 2 . The fair players respond to the stricter target in T 1 by enhancing their effort, whereas the free-riders do not react (Milinski et al., 2016) .
Discussion and conclusions
The alternative risk scenarios that are represented by T 2 and T 3 in our experiments reinterpret rather than revise the 2°C target (Geden, 2013) . The value of 2°C is present in all treatments through the target sum of €120, above which the loss probability is 0. However, the risk arising from missing the target differs among treatments, implying differing consequences of an overshoot in warming. Whether such a reinterpretation, possibly accepting a permanent overshoot, is considered effective depends on which of two alternative perspectives is taken. The first perspective defines efficacy as achieving a limitation of warming to below 2°C compared to pre-industrial. The different treatments then correspond to different assessment by the subjects of the risk invoked by missing the 2°C target. The subjects reach the target sum more often in T 1 than in either of T 2 or T 3 , and they achieve a more substantial interpreted mitigation of warming in T 1 than in T 2 or T 3 . Assuming proportionality between group effort and mitigated warming, the average group contributions correspond to limiting the warming to 2.0, 2.2, and 2.8°C in T 1 , T 2 , and T 3 , respectively. The most effective strategy thus emerges in T 1 , which implements the assessment that any overshoot of the 2°C target invokes a high risk of dangerous climate change. Thus, a reinterpretation of the 2°C climate target is likely to cause stronger warming. Our finding that contributions toward the target are reduced if risk depends gradually on the target is consistent with earlier results stating that an uncertain location of the threshold, implemented through threshold uncertainty (Barrett and Dannenberg, 2012; Barrett, 2013; Barrett and Dannenberg, 2014; Dannenberg et al., 2015) , reduces the effort to reach the target. Viewed from this first perspective, insisting less strictly on the 2°C target as in T 2 and T 3 is undesirable.
However, there exists a second perspective from which to interpret our results. This perspective defines efficacy as the optimal balance between the effort to avoid dangerous climate change and the risk posed by it. Differences among treatments then depict the uncertainty in assessing that risk. In T 2 and T 3 , the subjects have played relatively successfully by achieving an average pay-out of €17.4 and €16.8, respectively, not too far from the maximum possible pay-out of €20.0 and €20.1, respectively. By contrast, the subjects are less successful in T 1 with its higher overall risk level. The average pay-out is €12.4, substantially below the maximum of €20.0; this low average pay-out indicates that the groups could not establish sufficient cooperation despite the high risk.
Choosing between the two perspectives formulated here is not only a scientific matter of but also one of value judgement. This value judgement concerns how to deal with the substantial uncertainty in the connection between anthropogenic warming and the risk of dangerous climate change. A position averse to that risk would stipulate that the first perspective be applied and a reinterpretation of the 2°C climate target be rejected-all the more so if one takes into account that climate change invokes risks that cannot be quantified by a single temperature target (Steinacher et al., 2013; IPCC, 2014) . By contrast, a position assuming that a warming greater than 2°C does not necessarily cause dangerous climate change would stipulate that the negotiation gridlock of the 2°C climate target can be overcome by reinterpreting the target and accepting an overshoot (Geden, 2013) .
If-and this is a big caveat-the behaviour of our subjects is representative of the world's governments trying to avoid dangerous climate change, our experiments suggest that a lower assessed risk arising from missing the 2°C climate target is likely to lead to stronger warming. If that assessment of a lower risk is justified-perhaps because 2°C warming does not sharply divide between high and no risk and also because "acceptable risk" depends on individual value judgements-the risk posed by dangerous climate change is balanced in our experiments against the effort to avoid it if the 2°C target is reinterpreted as being less strict.
